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Summary 

TWo cDNAs encoding the receptor for murine granulo- 
cyte colony-stimulating factor (G-CSF) were isolated 
from a CDM8 expression library of mouse myeloid leu- 
kemia NFS-60 cells, and their nucleotide sequences 
were determined. Murine G-CSF receptor expressed in 
COS cells could bind G-CSF with an affinity and speci- 
ficity similar to that of the native receptor expressed 
by mouse NFS-60 cells. The amino acid sequence en- 
coded by the cDNAs has demonstrated that murine 
G-CSF receptor is an 812 amino acid polypeptide (M,, 
90,814) with a single transmembrane domain. The ex- 
tracellular domain consists of 601 amino acids with a 
region of 220 amino acids that shows a remarkable 
similarity to rat prolactin receptor. The cytoplasmic 
domain of the G-CSF receptor shows a significant 
similarity with parts of the cytoplasmic domain of mu- 
rine interleukin-4 receptor. A 3.7 kb mRNA coding for 
the G-CSF receptor could be detected in mouse my- 
eloid leukemia NFS-60 and WEHI-3B D + cells as well 
as in bone marrow cells. 

Introduction 

Production of hematopoietic cells is regufated by hor- 
mone-like growth and differentiation factors called colony- 
stimulating factors (CSFs). CSFs include granulocyte col- 
ony-stimulating factor (G-CSF), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), macrophage colony- 
stimulating factor (M-CSF), and interleukin-3 (IL-3) (Met- 
calf, 1989; Nicola, 1989). G-CSF, produced mainly by 
macrophages, is important in regulating blood levels of 
neutrophils and in activating mature neutrophils. G-CSF 
stimulates some myeloid leukemia celts to proliferate or to 
differentiate into neutrophilic granulocytes (Nagata, 1990). 

Murine G-CSF and human G-CSF have been purified 
(Nicola et al., 1983; Nomura et al., 1986), and cDNAs en- 
coding G-CSF have been molecuiarly cloned (Nagata et 
al., 1986a, 1986b; Souza et al., 1986; Tsuchiya et al., 
1986). Human G-CSF is a 174 amino acid polypeptide, 
while murine G-CSF consists of 178 amino acids. Human, 
and mouse G-CSFs are highly homologous (72.6%) at the 
amino acid sequence level, in agreement with the lack of 
species specificity between them (Nicola et al., 1985). Al- 
though the primary structure of G-CSF does not show ho- 
mology with other CSFs or growth factors, it has a weak 
similarity with interleukin-6 (lL-6), which stimulates pro- 



liferation and differentiation of B-fymphocytes (Nagata, 
1990). Human G-CSF produced by recombinant DNA 
technology has proven to be a potent regulator of neutro- 
phils in vivo using animal model systems (Tsuchiya et al., 
1987; Nicola, 1989). Recent clinical trials in patients suf- 
fering from a variety of hemopoietic disorders have shown 
that the administration of G-CSF is beneficial in chemo- 
therapy and bone marrow transplantation therapy (Mor- 
styn et al., 1989). 

Despite the biological importance of G-CSF, tittle is known 
about the mechanism of G-CSHnduced signal transduc- 
tion in the proliferation and differentiation of neutrophilic 
granulocytes. Several reports in human and mouse sys- 
tems have suggested that the expression of the G-CSF 
receptor is restricted to progenitor and mature neutrophils 
and various myeloid leukemia cells (Nicola and Metcalf, 
1984. 1985; Nicola et al., 1985; Begley et al., 1987; Park 
et al., 1989). However, the G-CSF receptor has also re- 
cently been found in nonhemopoietic cells, such as hu- 
man endothelial cells (Bussolino et al., 1989) and placenta 
(Uzumaki et al., 1989). Biochemical characterization of 
the G-CSF receptor has been hampered by the low num- 
ber of receptors present on the cell surface (at most 1000- 
2000 receptors per cell). A limited number of studies have 
indicated that ceils of the neutrophilic lineage have a sin- 
gle class of binding sites for G-CSF with an equilibrium 
dissociation constant of 100-500 pM (Nicola and Metcalf, 
1984; Park et ah, 1989; Uzumaki et al., 1989). Cross-link- 
ing studies of the receptor with the radiolabeled G-CSF 
have suggested a M r of 150,000 for the mouse G-CSF re- 
ceptor in WEHI-3B D + cells (Nicola and Peterson, 1986). 
Recently, we were able to solubilize mouse G-CSF recep- 
tor in an active form from NFS-60 cells and succeeded in 
purifying the receptor as a protein with a M r of 100,000- 
130,000 (R. F, E. I., and S. N., unpublished data). 

In this work, we isolated cDNAs encoding the murine 
G-CSF receptoj from mouse myeloid leukemia NFS-60 
ceils. When transfected Into COS cells, the cDNA directed 
expression of a receptor that has similar properties to that 
of the native G-CSF receptor on NFS-60 cells. The amino 
acid sequence of the G-CSF receptor indicates that il be- 
longs to the recently identified growth factor receptor fam- 
ily (Bazan, 1989). . 

Results 

Expression Cloning of the G-CSF Receptor cDNA 
To isolate the cDNA coding for the G-CSF receptor, we 
used a COS cell expression system developed to isolate 
the murine erythropoietin receptor (D'Andreaet al., 1989), 
Double-stranded cDNA was synthesized using mRNA 
from mouse myeloid leukemia NFS-60 cells, which have 
relatively higher expression of the G-CSF receptor than 
other G-CSF-responsive myeloid leukemia ceils, such as 
WEHI-3B D + or 32DC1& A cDNA library was constructed 
in the mammalian expression vector CDM8 (Seed, 1987) 
as 884 pools of 60-80 clones. Plasmid DNAs from each 
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pool were prepared by the boiling method and introduced 
into COS-7 cells grown in 6-well microliter plates. At 72 hr 
posttransfection, binding reactions of 12S I-G-CSF (1.7 x 
10 s cpm [200 pM] in a 0.6 mi volume) to COS cells were 
carried outat37°Cfor2 hrinsteadof 4°C in order to obtain 
a greater signal (D'Andrea et al. , 1989). Under these condi- 
tions, the background binding of labeled G-CSF to trans- 
fected or untransfected COS cells was routinely 308 ± 38 
(SD) cpm. Plasmid DNAs from two pools (I62 and J17) 
yielded binding of SOO cpm and 912 cpm of 125 I-G-CSF. 
respectively, when transfected into COS-7 cells. The bac- 
terial clones of pools I62 and J17 were arranged in 12 sub- 
groups of 12 clones each and assayed as above. Some 
subgroups gave positive responses, that is, binding of 
3710-4010 cpm of 125 I-G-CSF to COS cells. By assaying 
single clones from each positive subgroup, two indepen- 
dent clones (pl62 and pJ17) were identified. When plas- 
mid DNAs from p!62 and pJ17 were transfected into COS-7 
cells, the binding assay gave values of 30,300 cpm and 
31,600 cpm, respectively. 

Binding Characteristics of the Cloned Receptor 

The binding characteristics of the G-CSF receptor ex- 
pressed on COS cells were examined. COS cells trans- 
fected with the plasmid CDM8 or pJ17 were incubated at 
4°C for 4 hr with various concentrations of 125 I-G-CSF in 
the presence or absence of at least a 500-foid excess of 
unlabeled G-CSF (800 nM). Untransfected COS cells or 
COS cells transfected with the CDM8 vector alone did not 
show any significant specific binding of 125 I-G-CSF. On 
the other hand, labeled G-CSF was bound at 4°C to the 
COS cells transfected with the plasmid pJ17. As shown in 
Figure 1, a Scatchard analysis of the specific binding of 
12S l-G-CSF to COS cells revealed a single species of bind- 
ing site with an equilibrium dissociation constant of 290 
pM and 3.0 x 10* receptors per cell. If the transfectlon ef- 
ficiency of COS cells was assumed to be 10%-20% (Sortw 
payrac and Danna, 1381), the positively translated CCS 
cells probably expressed the recombinant G-CSF recep- 
tor at 15-3.0 x 10 s molecules per cell. Since the native 
G-CSF receptor on NFS-60 cells has an equilibrium dis- 
sociation constant of 180 pM (Figure 1D), these results 
suggest that the polypeptide coded by the cDNA in the 
plasmid pJ17 is sufficient to express the high-affinity 
receptor for murine G-CSF. 

Human G-CSF competes with mouse G-CSF for bind- 
ing to mouse WEHI-3B D + cells (Nicola et a!., 19B5). Ac- 
cordingly, an excess of unlabeled recombinant human 
G-CSFs produced either by mammalian cells or Esche- 
richia coli could compete well with labeled mouse G-CSF 
for binding to COS cells transfected with the plasmid pJl7 
(Figure 2). No inhibition of binding of 12S I-G-CSF to COS- 
7 cells was observed in the presence of unlabeled recom- 
binant murine GM-CSF, murine IU3, murine IL-6, murine 
leukemia inhibitory factor (UF), rat prolactin, or human 
M-CSF. These results correlated well with the specificity 
of the native. G-CSF receptor or the purified receptor on 
NFS-60 cells (R. R, E. I. r and S. N., unpublished data). 

Previously, we observed that the G-CSF receptor puri- 
fied from NFS-60 cells has a M r of 100,000-130,000. To 
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Figure 1. Binding of Radioiodinated G-CSF to COS Cells Expressing 
the Recombinant G-CSF Receptor and NFS-60 Cells 
(A) Saturation binding of ,25 I-G-CSF to COS ceils. COS eeUs (1 x 10 s ) 
transfected with the plasmid pJ17 were incubated with various amounts 
of «SM3<;SF with or without an excess of unlabeled G-CSF as de- 
scribed in the Experimental Procedures. The specific binding (•) is 
shown as the difference between total (O) and nonspecific (A) binding. 
(8) Scatchard plot of G-CSF binding data in COS cells, 
(C) Saturation binding of ^l-G-CSF to NFS-60 ceils. Total (O), non- 
specific (A), and specific {•) binding to cells are shown. 
(O) Scatchard plot of G-CSF binding date in NFS-60 cells. 



determine the molecular size of the recombinant G^CSF 
receptor expressed in COS cells, chemical cross-link- 
ing of the receptor with 125 I-G-CSF was carried out. As 
shewn in Figure 3, cross-linking of the G-CSF receptor on 
NFS-60 cells with labeled mouse G-CSF (M r , 25,000) 
yielded a band with an apparent M f of 125,000-155,000 
(lane 6), indicating that the M r of the murine G-CSF 
receptor on NFS-60 cells is 100,000-130000. Similarly, 
cross-linking of 125 l-mouse G-CSF to the receptor ex- 
pressed in COS cells gave a major band of M r 120,000- 
150,000 (lane 4), which is slightly smaller than that de- 
tected in NFS-60 cells. These bands were not observed 
when the cross-linking experiment was carried out in the 
presence of 1.5 u-M unlabeled G-CSF (lanes 2 and 5) or 
when the cross-linking agents were omitted (lane 3). The 
slightly different M f observed in COS cells and NFS-60 
cells may be explained by the differential glycosylation in 
these cell lines. 

The Structure of Murine G-CSF Receptor 

Digestions of the plasmid pJ17 and pl62 with Xhol 
released cDNA inserts of 3.2 kb and 3.0 kb, respectively. 
As shown in Figure 4A, the restriction maps of these in- 
serts were identical except that the 5' terminus of clone 
pl62 is 81 bp longer than that of pJ17 and the 3' terminus 
of the clone pJ17 is 238 bp longer than that of pl62. When 
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Figure 2. Specificity of G-CSF Binding to Recombinant G-CSF Re- 
ceptor Expressed in COS Cells 

COS ceils transfected with the cDNA for the G-CSF receptor (pJ17> 
were incubated with 2 ng of 128 l-mouse G-CSF in the absence or pres- 
ence of 1 ug of unlabeled murine G-CSF, human G-CSF. murine GM- 
CSF, human M-CSF, murine 1L-6, murine UF, or rat prolactin. As human 
G-CSF, human recombinant G-CSFs produced in mouse C127 cells, in 
Chinese hamster ovary ceils, or In E. coli were used. The radioactivi- 
ties bound to COS cells in each experiment are expressed as a per- 
centage of thai obtained without competitor. 



the cDNAs were sequenced, the two sequences were 
found to be identical within the overlapping region. Al- 
though the two cDNAs contained the complete coding se- 
quence for the G-CSF receptor, they contained neither the 
poly(A) tract nor the poly(A) addition signal. The cDNA li* 
brary was, therefore, rescreened by colony hybridization 
using the 25 kb Hindlll-Xbal fragment of pJ17 as a probe. 
Fifteen positive clones were obtained from about 60,000 
clones, and one of them (pF1) had 603 bp of 3' noncoding 
region and contained two overlapping poiy(A) addition sig- 
nals. The composite nucleotide sequence of the three 
cloned cDNAs (p!62, pJ17. and pF1) is presented in Figure 
5 together with the predicted amino acid sequence. There 
is a long open reading frame starting from the initiation 
codon ATG at nucleotide positions 180-182 and ending at 
the termination codon TAG at positions 2691-2693. The 
open reading frame (2511 nucleotides) can code for a pro- 
tein consisting of 837 amino acids, including the HH r 
terminal methionine. In the 5' sequence upstream of the 
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Figure 3. Chemical Cross-Unking of the G-CSF Receptor Expressed 
in COS and NFS-60 Celts 

COS cells (5,2 x 10 5 cellsrtane) transfected with the plasmid p!62 
were incubated with ,25 t-G-CSF with (lane 2) or without (lanes 3 and 

4) an excess of unlabeled murine G-CSF and chemically cross-linked 
as described in the Experimental Procedures. Mouse NFS-60 cells (3 
x 10 6 cellsflane) were similarly incubated with »»I-G-CSF with 0ane 

5) or without (lane 6) an excess of unlabeled G-CSF and cross-linked 
with OSS and DST. The cell iysate was analyzed by SDS-PAGE on a 
4%-20% gradient poryacryJamide gel and exposed to X-ray film at 
-80*0 for 2 days with intensifying screens. As size markers. ,4 C*la- 
beted molecular weight standards (rainbow marker, Amersham) were 
electrophoresed in parallel (lanes 1 and 7), and sizes of standard pio- 
teins are shown in kd. 



long open reading frame, three other potential initiation 
codon ATCs can be found at positions 73, 105, and 126. 
All of these are followed by short open reading frames. De- 
letion of these ATG codons from the cDNA by digesting 
the plasmid p!62 with HindlH did not increase or decrease 
the expression level of the recombinant G-CSF receptor 
in COS cells (R. F. and S. N., unpublished data). 

The long open reading frame starts with a stretch of hy- 
drophobic amino acids that seems to serve as a signal se- 



Figure 4. Murine G-CSF Receptor cDMAs 




(A) Schematic representation and restriction 
map of three independent cDNAs (pl62, pJ17. 
and pF1) for murine G-CSF receptor. The box 
represents the open reading frame. The stip- 
pled and black regions indicate the signal se- 
quence and the transmembrane region, re- 
spectively. The cleavage sites for restriction 
enzymes are shown. 

(B) Hydropathy plot of the amino acid se- 
quence of murine G-CSF receptor. The hydrop- 
athy plot was obtained by the method of Kyte 
and Doolittle (1982) using a window of ten 
residues. The numbers under the plot indicate 
positions of the amino acid residues of the 
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C AGACCACACAGA ACACACACCACA ACCCTCCCCCCTCCCCACACCCCCCTAGCCCCAGT 
1 00 1 SO 

CATTCCTGAGACATGAGTCGTATTCTTAACCCCCTTrTTCCTAAATGGAGAAAC^^ 

200 250 
ATG CTA CGG CTG CCA CCC TCC ACC CTC ACT CCA CTT Art CTG ATC TTC TTC CTA CTC CCC ACA ACT CTC CAC ACC TCt GCA CAC ATC G*G 
Mot Val CW Leu Qlv Al* Crs Thr Leu Thr CI t Val Thr lw lie Phe Leu Leu Leu fro Aru gee Leu Clu $er Cyt Cly «i» tl« Glu 

— 1 1 — ■ *rr i 

300 ISO 
ATT TCA CCC OCT CTT CTC CCC CTC CCC CAC CCT CTC CTC CCC TCT TCC ACC ATC ACC CCA AA C TG.C, AC C AAA CTC CAC CAA CAG GCA AAG 
lie Ser Pro Pro v*l val *rg Leu CLy Asp Pro Vel Leu Ala Ser Cys Thr XI* Sex Pro [Asn Cys Ser) Lys Leu Asp Cln Gin Al* Lys 



20 



400 



ATC TTA TCC ACA CTC CAA CAT CAC CCC ATC CAA CCT CCC CAC ACA CAC CAT CAT CTC CCT GAT CGC ACC CAA SAC TCC CTC ATC ACT CTC 
lie Leu Trp Arg Lou Cln Asp Clu Pro lie Cln Pro Gly Asp Arg cln Hit His L«u Pro Asp Cly Thr Cln Clu Ser Lsu XI* Thr Leu 



CCT CAC TTC kf fi TAC ACC CAG CCC TTC CTC TTC TCC TTA CTC CCA TCC GAk CAC ACC CTC CAA CTC CTC CAT CAA CCT GAG CTT CAC GCA 

Pro His Leu | Asn Tyr _Thr|Gln Ala Phe Leu Phe Cys Leu Val Pro Trp Glu Alp Ser Val Cln Leu Leu Asp Clo All Glu Leu His AU 

550 iOO 

CCC TA? CCC CCT CCC ACC CCC TCA AAC CTA TCC TCC CTC ATC CAC CTC ACC ACC AAC ACC CTC CTC TCC CAC TCC CAC CCA CCT OCT CAG 

Gly Tyr Pro Pro Ale Ser Pro Ser| A an Leu 5er| Cys Leu Hat His Leu Tbr Thr Asn S«r Leu Vol Cys Gin Trp Clu Pre Gly Pro Clo 

100 ' 1«0 

650 700 

ACC CAC CTC CCC ACC ACC TTC ATC CTA AAC ACC TTC ACC AGC CCC CCC CAC TCT CAG TAC CAA CCC CAC ACC ATC CCC CAT TCT CTC CCA 

Thr His Leo Pro Thr Ctr FM Ue leu Lys Ser Phe Arg Ser A.rg Ala Asp Cys Gin Tyr Gin Cly Asp Thr lie Pro Asp Cys Vel Ala 

750 »0O 

A AG AAC AGC CAG AAC AAC TCC TCC ATC CCC CCA AAA AAC TTC CTC CTC TAC CAG TAT ATC CCC ATC TCC CTC CAA CCA CAC A AT ATC CTA 

Ly* Ly* Arg Cln Asn {Acn Cys Ser) He Pro Are Lye Asn Let) Leu Leu Tyr Gin Tyr Ket Ala tie Trp Vsl Gin Ala Clu Asn Ket Lev 

Ifio' I SI 

oso 

CCC TCC ACC CAC TCC CCA AAG CTC TCC CTC CAC CCC ATC CAT CTT CTC AAA TTC CAC CCT CCC ATC CTC CAC CCC CTC CAC ATT CCC CCT 

Cly Ser S«E Glu Ser Pro tys Leu Cys ton Asp Pro Ket Asp Val Val Lys Leu Clu Pro Pro Met Leu Gin Ala Lou ASp I la Cly Pro 

200 

950 

CAT G7A CTC TCT CAC CAG CCT CCC TCC CTC TCC CTC ACC TCC AAC CCA TCC AAC CCC ACT CAG TAC ATC GAA CAG CAS TCT CAA CTT CCC 

Asp Vel V»l Sar Kit Cln Pro Cly Cys Loa Trp Leu Ser Trp Lys Pro Trp Lye Pro Sec Glu Tyr Ket Glu Gin Glu Cys. Clu Leu Arg 

220 140 

1000 10SO 

TAC CAC CCA CAC CTC AAA CCA CCC AAC TCC ACT CTC CTC TTC CAC CTC CCT TCC AGC AAC CAC CAG TTT CAG CTC TCC CCG CTC CAT CAG 

Tyr Gin Pro Cln Leu Lys Cly Ala I Asn Trp Thr) Leu V*l rh* His Leu pro Sex Ser Lys Asp cln Fh* da Leu Cys Gly Leu His Cln 

1100 11S0 

GCC CCA CTC TAC ACC CTA CAC ATC CCA TCC ATT CCC TCA TCT CTC CCT CCA TTC TGG AGC CCC TCC ACC CCC CCC CTC CAC CTC ACC CCT 

Ala Pro Val Tyr Thr Leu Gin Ket Ary Cys II* Arg Ser Ser Leu pro Cly Phe Trp Set Pro Trp Ser Pro Cly Leu Gin Leu Arg Pro 

280 100 

1200 ■ 1250 

ACC ATC AAC CCC CCC ACC ATC ACA CTC CAC ACC TGG TCT CAC MO AAC CAA CTA CAT CCA GCC ACA CTC ACT CTC CAS CTC TTC TCC AAG 

TTir Het Ly* Ala Pro Thr lie Arg Leu Asp Thr Trp Cy» Cln Lys Lys Cln Leu Asp Pro Cly Thr Val Sex Val Cln Leu Ph* Trp Ly* 

320 



I CCC CTC CAC 
' Pro Leu Gin 
340 



CAA CAC 
Clu Asp 



ACT CCA < 
Ser Cly < 



TCC AAC. 
Cys | As n 



ACC ACC CAC ■ 
Thr Thr J Cln 1 



I TCT ATC ! 
: Cys lie 1 



1450 
1 ACT ACA CTC i 
> Thr Thr Val ' 
400 



no© 

I CCC TAC CTC 
i Cly Tyr Leu 



; CCC TCA GAG 
i Pro Ser Clu 
3*0 



; AAC CAA GCT < 
Asn Clu Cly ] 



GAC TCC I 
Asp Trp < 



1550 
; ACC CTT I 

> Ser Leu 3 



CAC GCC TAT 

i Cln Gly Tyr 



TAC CCA 
Tyr Pro 



i CAA CCT AAC 
i Clu Pro Aon 
460 

CGC ATC CTC 
Gly He Val 



«CC AAC, 
Cly puT 



USO 

ATC, ACT CCA ATT CTC 
Ue Thr | Cly lie Leu 



CCA CCC I 
Cly Pro I 



. AAT CTC TAC 
Asn Yal Tyr 



CTC ATT CAG 
Leu 11c Glu 
440 

TTA AAC CAC 
Leu Lys Asp 

1IS0 
ACC TTC CCT 
Thr PtM Als 

$00 



CTC TCC TCC AAT TCC CCA GAT CAT CAA CGC 
Leu Ser Trp Asn Ser Pro Asp HI* Cln Cly 
160 

1400 

CCC CAC AAC CTC ACC CTT CTC GCC TAC AAC 
Ala Cln I Asn Val Thr | Leu Ve.1 Ala Tyr hsn 

1500 

ACC GCA CTC CAT CCC ATC CCC CAA CAC CTT 
Thr Cly Leu His Ala Htt Ala Clu Asp Leo 
420 

U00 

TCC CAA ATC ACT TCT CCC AGC TAC AAT AAC 
"Asn Asp 



CAG CAC ATA CAC CTT 
Cln Asp lie. Hit Leu 



AAA GCA CCC ACC TCT 
Lys Ala Gly Thr Str 



AAC ACC ATC TGG CTA 
Asn Thr lie Trp Val 



Trp Glu Ket Ser Sex Pro Ser Tyr[A 



ACC TAT AAC TCC TCC 
Ser) Tyr Lys Ser Trp 



CTT CCC 
Vel Cly 



CAT CCT 
A»p A La 



CTC TAC 
Val Tyr 



CTC CCC 
Leu Cly 



ACA ACC TCC < 
Thr Thr Trp I 
S20 

1*00 
CCC CAC CAC ' 
Gly ACP Kls : 



: TCC CTA CCT < 
i Trp V*l pro < 



: ACC CTA A A C,, 
Thr Lao lAtn 



CTC ATC CCC 
Leu Met Ala 
500 

ATA CTT TCC : 
lie Leu Cye 1 



3000 
ACC ACT 
Thx Ser 



ATC TCC CTC 
lis Serl Uu 

'sio 



CCA GCA 
Arg Ale 



CCG TCC ACC 
Gly Ser Thr 

2100 . 
! TCC ACT ACC 
i ser Thr Thr 



TCT CTA CTG 
Cys Val Vel 

J 1 " 



AAC ATA AAT CCC TTT CAC CTC TAC ACA ATT 
Asn rio Asa Pro Phe Cln Leo Tyr Arg tie 
4S0 

GCA GAC ACA GCT CCT CCT CAT CCT CCA CCC 
Cly Clu Arg Ala Pro Pro Bis Ale Pro Al* 

1SS0 

ACC CTC CCC ATC AT*. CCC CTC ACC CAC TAC 
Arg Lev Gly Ket lie Pro Leu Thr His Tyr 

CAT CAC TTT GTC CTC AAG CAC CTC CAC CCC 
Bis Asp Fhe val Leu Lys Kis Leu Clu Pro 

20 50 

CCC CTT ACC CTC AGC ACC CTA CAT CCA TCT 
Oly Leu Thr Leu Are Thr Leu Asp Pro Ser 

too 

ACC TCC CTC TCC TCC AAA CGC ACA CCA AAC 
Thr Trp pow .C ya . Cys *rg Arg Gly Lys 



1700 

ACA GTC GCT CCC CTG 
Thr Val Ala Pro Leu 



CTC CAT CTA AAC CAT 
Leu Kis Leu Lys Mis 



ACC ATC TTC TCC CCC 
Thr He Phe Trp Ala 



CCC ACT TTC TAT CAT 
Ala Ser Lea Tyr His 



GAC TTA AAC ATT TTC 
ASp Lffl Il« Phe 

2150 

ACT TCC TTC TCC TCA 
Thr Set Phe Trp Sox 



CAT CTC 
Asp Vel 



CCA CAC CCA i 
Pro Asp Pro i 
M0 



: act acc 

i - Ser Ser 



CTC ACC TCC 
Lsu Ser Ser 



2200 
TCC TTC CCC 
Trp Leu Pro 



TCC AGC i 
Ser Ser 1 



: AAC ATC J 
: Lys tie ' 



2350 
l GCC CTC CTT I 
► Ala Leu Val < 
700 



: TAT CTC 
i Tyr Vel 



CTC CAA GCA 
Leu Gin Cly 



■ CAC CAA CAC 

■ Glu Clo Alp 

680 

CAT CCA MA 
Asp Pro Arg 



ACC ATC ATG ACA CAC CAA ACC TTC CAO TTA < 
Thr rie Hot Thr Clu Clu Thr Phe Cln Leu 1 
«66 

J30O 

AAC AAA CCS ACC CAC TGG CAT TCC CAA ACC I,. 

Lys Lys Pro Thr Kit Trp Atp Ser Glu Ser Ser Gly } Acn Cly Serj 

Z400 

CAA ATT TCC AAC CAG TCC CAG CCT CCC TCT 
Glu He Ser (Asn Cln Ser] Gin Pro Pro ser 

I - * -* DO 



t CCC ACC TTC TGG CAC 
i Pro Ser Phe Trp Asp 



CGC ACT CCT CAC CAG 

Arg Thr Gly Asp GLn 



2450 IS00 
GTC CTC TAT COT CAC CTG CTT GAC ACC CCC ACC ACC CCA CCA CTA ATC CAC TAC ATT CCC TCT CAC TCC ACT CAG CCC CTC TTG GCC CCC 
Val Leu Tyr Gly Gin Val Leu Clu Sex Pro Thr Ser Pro Cly Vel Pet Cln Tyr Ho Arg Sex Asp Ser Tbr Gin Pro Leu Leu Gly Cly 

7*0 

2550 2400 
CCC ACC CCT AGC CCT AAA TCT TAT CAA AAC ATC TCC TTC CAT TCA ACA CCC CAC GAC ACC TTT CTG CCC CAA CCT CCA AAC CAG GAA CAT 
Pro Tbr Pro Ser Pro Lys Ssr Tyr Clu A*n He Trp Phe His S«r Arg Pro Oln Glu Thr Phe Val Pro Cln Pro Pro ASn Cln Clu Asp 
760 7S0 

2(50 2700 
CAC TCT CTC TTT CCG CCT CCA TTT CAT TTT CCC CTC TTT CAC CCC CTC CAS GTC CAT CCA CTT CAA CAA C»A GCC CCT TTC TAG AACTTTG 
Asp Cys val Phe CLy Pro Pro Phe Asp Phe Pro Leu Phe Cln Gly Leu Gin Val His Gly Vel Clo Clo GLn Cly Gly phe End 

soo 

27S0 2*00^ 

26SO JiOO 
CTCTCCTCTACTCTC ACCCTC1CA0CCT AT ACCCTC ACCTCACCCACTCTCA C ACTCT A ACCTTCACAT ACAT A CTG CTT AC AGCCCAATG GTCACCA T T VJ G I Cr rTC ATArAATTTCA 

29S0 3000 JOSO 

G TCC ATTCA ACTCA TTCT AGC ITTTCACTTGCCCCTCCTATTTTCACAAATTCTCC CTGGATCTCC TCGTA CATCCCT ACCATCCCA ACATCTGC GAC GA AGATCCACCA AC ATTGCAA 

1100 3150 
GTTCCACGCCAGCCTCCCTACCCTACAT AGTGACATCCAATCTCAA AAATTATC C TC C C IC TCCTC CTC CATS CCTTTA ATCCCAGCACTCCGC ACGCACAGCCAG GT ACATT TCTGAC 

3200 3250 
TTCG ACGCCACCCTCCTCTACAAACTG ACT TCC A GG AC ACCCACAC CT ATAC ACMiAAACCC ICTCTTOA AAA AAA AAA TTA AC CAAAACCTCa^ flA&TAAA GTTTTTT TTATCAC 
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quence. By comparing the 5' portion of the sequence with 
typical signal peptide cleavage sites (von Heijne, 1986), 
the 26th amino acid (Cys) from the initiation codon was 
tentatively assigned as the first amino acid of the mature 
protein. The mature murine G-CSF receptor thus would 
consist of 812 amino acids with a calculated M r of 90,814. 
which is 5,000-35000 smaller than the M r (95,000-125,000) 
estimated from the cross-linking experiment (Figure 3) or 
the M r of the purified murine G-CSF receptor (R. F„ E. 
and S. N. f unpublished data). The difference is probably 
due to the attachment of sugar moieties to some of the 11 
putative N-glycosytation sites (Asn-X-Thr/Ser) found on the 
extracellular domain of the G-CSF receptor (Figure 5). A 
hydropathy plot (Kyte and Doolittle, 1982) of the amino 
acid sequence of the mature G-CSF receptor (Figure 4B) 
revealed a stretch of 24 uncharged amino acids extending 
from Leu-602 to Cys-625, which is followed by three basic 
amino acids. These properties are consistent with those 
observed in the membrane-spanning segments of many 
proteins (Sabatini et ah, 1982). The mature G-CSF recep- 
tor thus appears to consist of an extracellular domain of 
601 amino acids, a membrane-spanning domain of 24 
amjno acids, and a cytoplasmic domain of 187 amino 
acids. The NH 2 -terrmnal half of the extracellular domain 
is abundant in cysteine residues (17 residues in 373 amino 
acids), which seems to be a feature common to the ligand- 
binding domain of many receptors (McDonald et al., 1989). 
As found in the erythropoietin receptor (D Andrea et al, 
1989), the G-CSF receptor is rich in proline (80 residues, 
95%). Furthermore, the content of tryptophan residues in 
murine G-CSF receptor is relatively high (26 residues, 
3.2%), although they show no particular area of localiza- 
tion within the receptor 

Expression of the G-CSF Receptor mRNA 

G-CSF stimulates the proliferation of mouse myeloid leu- 
kemia NFS-60 cells, while WEHI-38 D + cells can be in- 
duced to differentiate into monocytes and granulocytes by 
G-CSF (Nagata, 1990). To determine whether the same 
mRNA is expressed in NFS-60 and WEHI-3B D + cells, 
Northern hybridization was carried out using the cDNA 
from plasmid pJl7, As shown in Figure 6, a 3.7 kb mRNA 
could be detected in RNAs from NFS-60 cells (lanes 2 and 
3) as well as from WEHI-3B D + cells (lane 6). The amount 
of mRNA for the G-CSF receptor is. about ten times higher 
in NFS-60 cells than in WEHI-3B D + cells, which agrees 
with our observation that NFS-60 cells bind three to four 
times more 125 I-G-CSF than WEHWB D + cells (unpub- 
lished data). In contrast, no transcript for the G-CSF re- 
ceptor was detected in RNAs from other mouse myeloid 
leukemia FDC-P1 cells (tane 4), which do not respond to 
G-CSF, or from non hemopoietic cell lines such as L929 
(lane 1) or C127I (data not shown). When mRNA expres- 
sion was examined in various mouse tissues, only bone 
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Figure 6. Northern Hybridization Analysts of Murine G-CSF Receptor 
mRNA 

Total RNA or po)y(A) RNA was prepared from mouse cell lines: L929 
(lane 1), NFS-60 (lanes 2 and 3), FDC-P1 (lane 4), and WEHI-3B D* 
(lane 5), or from mouse tissues: brain (lane 6), lung (lane 7), spleen 
(lane 8), bone marrow (lane 9), liver (lane 10), and kidney (lane 11). Total 
RNA (30 m9) (lanes 1 and 3-1 1) or 2 ug ot po!y(A) RNA (lane 2) was 
electrophoreses) ort a 13% agarose gel containing 6j6% formaldehyde 
and analyzed by Nonhern hybridization as described in the Experi- 
mental Procedures. 



marrow cells gave a signal corresponding to the 3.7 kb 
mRNA (lane 9). The similar size of the mRNAs observed 
in bone marrow cells and NFS-60 cells suggests that the 
authentic mRNA for the G-CSF receptor is expressed in 
mouse myeloid leukemia NFS-60 cells. 

Discussion 

The mechanisms of signal transduction induced by vari- 
ous hemopoietic growth and differentiation factors, includ- 
ing G-CSF, are not fully understood, in part because their 
receptors are expressed in low levels on the cell surfaca 
Recently; receptors for several cytokines and lymphokines 
have been molecularly cloned by various techniques (Ya- 
masaki etal., 1988; Mosley et al. f 1989; Hatakeyamaetal., 
1989; DAndrea et al., 1989; Gearing et aL, 1989; Itoh et 
al., 1990). To isolate the cDNA for the G-CSF receptor, we 
used the expression cloning method developed by DAn- 
drea et al. (1989). We chose this method since a single 



Figure 5. Nucleotide Sequence and Predicted Amino Acid Sequence of the Murine G-CSF Receptor cDNA 

Numbers above and below each line refer to the nucleotide position and amino acid position, respectively. Amino acids are numbered starting at 
Cys-1 oi the mature G-CSF receptor. On the amino acid sequence, the signal sequence and the transmembrane domain are underlined. Two overlap- 
ping po!y(A) addition signals (AATAAA) are also underlined. Potential N-glycosylation sites (Asn-X-Ser/Thr) (11 in the extracellular domain and 2 in 
the cytoplasmic domain) are boxed. 
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Figure 7. Comparison of the Amino Acid Sequence of the G-CSF Receptor with That of Other Growth Factor Receptors 

(A) Alignment of the G-CSF receptor with prolactin and growth hormone receptors. The amino acid sequence from 96 to 317 of the murine G-CSF 
receptor is aligned with rat prolactin and human growth hormone receptors to give maximum homology by introducing several gaps ( - ). Identical 
residues in two sequences are enclosed by solid lines, and residues regarded as favored substitutions are enclosed by broken lines. Favored amino 
acid substitutions are defined as pairs of residues belonging to one of the following groups: S, T R A. and G; N, D, E, and O; H, R, and K; M, I, 
L, and V; F, Y, and W. Amino acids conserved In nine members of I he growth factor receptor famiry (G-CSF, prolactin, growth hormone, erythropoietin, 
GM-CSF, IL-2&, IL-3, IL-4, and lf-6) are shown under each tine with or without brackets. The residues without brackets are conserved in more than 
eight members, and the residues with brackets are conserved in five to seven members In the family. 

(B) Alignment of the G-CSF receptor with contaclin. The amino acid sequence from 376 to 601 of the mouse G-CSF receptor is aligned with the 
amino acid sequence of chicken contactin as described in (A). 
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polypeptide purified from NFS-60 cells is sufficient to bind 
G-CSF with a high affinity (R. E, E. I., and S. N., unpub- 
lished data) and little background binding of G-CSF to 
COS cells is observed. 

Expression of the cloned cDNA gave rise to a protein 
that shows the same binding properties as those of the 
G-CSF receptor in mouse NFS-60 cells. Recombinant and 
native G-CSF receptors could bind 12S I-G-CSF with a dis- 
sociation constant of 200-300 pM (Figure 1), could specifi- 
cally bind mouse G-CSF or human G-CSF, but could not 
bind other growth and differentiation factors such as IL-3, 
GM-CSF, M-CSF, IL-6, LIF, and prolactin (Figure 2). Fur- 
thermore, the cross-linking experiment indicated that the 
M r of the recombinant G-CSF receptor (100,000-130,000) 
expressed in COS cells is similar to that of the G-CSF 
receptor purified from NFS-60 cells or the polypeptide 
cross-linked In NFS-60 cells (Figure 3). Th ese results indi- 
cate that the G-CSF binding protein in NFS-60 ceils is 
coded by the cloned cDNA. However, upon stimulation by 
G-CSF, it is not known whether this polypeptide alone can 
transduce the signal into cells or whether other proteins 
are required to form a functional receptor capable of con- 
ferring G-CSF responsiveness. 

The amino acid sequence of murine G-CSF receptor 
(Figure 5) has many properties commonly found in the 
receptors for growth and differentiation factors (McDonald 
et a!., 1989). It has a signal sequence at the N-terminal 
and a single transmembrane domain, suggesting that the 
N-termina! part of the molecule is extracellular and the 
C-terminal part remains Inside the cell. Within the first 80 
amino acids of the mature G-CSF receptor are four cys- 
teines, two of which (Cys-21 and Cys-77) are organized in 
a manner characteristic of receptors of the immunoglobu- 
lin superfamily (Williams and Barclay, 1968). However, the 
sequence between these two cysteine residues does not 
seem to fulfill the criteria for recognition as a 'member of 
the immunoglobulin superfamily (Williams and Barclay, 
1988). 

Comparison of the amino acid sequence of the G-CSF 
receptor with all sequences in the National Biomedical Re- 
search Foundation data base revealed that one part of the 
extracellular domain of the G-CSF receptor has remark- 
able similarities with the prolactin receptor and another 
part has remarkable similarities with contactin (Figure 7). 
Prolactin is an anterior pituitary hormone and belongs to 
the family consisting of growth hormone, prolactin, and 
placental lactogen (Cooke et al M 1981). The amino acid se- 
quences of human prolactin and growth hormone show a 
homology of 48% when conservative changes in amino 
acids are Included. Accordingly, as shown In Figure 7A, 
the entire extracellular domain of the prolactin receptor 
(210 amino acids; Boutin et al., 1988) has a similarity of 



43.2% (60 identical amino acids and 38 homologous ami- 
no acids) with a domain of the growth hormone receptor 
(Leung et al., 1987). To some extent, growth hormone com- 
petes with prolactin in binding to the prolactin receptor 
(Boutin et al., 1988) and vice versa (Leung et al., 1987). 
When the amino acid sequence from 96 to 317 of the mouse 
G-CSF receptor was aligned with the extracellular domain 
of the rat prolactin receptor, 54 of 227 amino acids were 
identical and 40 more represented conservative substitu- 
tions, yielding an overall similarity of 41.4%. The regions 
homologous between G-CSF and prolactin receptors are 
not well conserved in the growth hormone receptor, result- 
ing in a low similarity (34.4%) between G-CSF and growth 
hormone receptors. Despite the similarity in amino acid 
sequence of the extracellular domains of the G-CSF and 
prolactin receptors, a 500-fold excess of unlabeled rat pro- 
lactin did not inhibit the binding of 125 I-G-CSF to the re- 
combinant G-CSF receptor expressed in COS cells (Fig- 
ure 2). This is consistent with the fact that the amino acid 
sequence of G-CSF has no significant homology to that 
of prolactin. These results may suggest that regions of the 
extracellular domain of the G-CSF receptor that are not 
similar to the prolactin receptor are required for the bind- 
ing of G-CSF. In this regard, it is notable that the extracel- 
lular domain of the G-CSF receptor is 391 amino acids 
larger than that of the prolactin receptor. 

When the sequences of the ligand binding domains of 
growth factor receptors were compiled, it was suggested 
that the receptors for growth hormone, prolactin, eryth- 
ropoietin, and IL-6. as well as for the & chain of the IL-2 
receptor, belong to a novel receptor family (Bazan, 1989). 
Recently isolated receptors for IL-4 (Mosley et al., 1989), 
IL-3 (Itoh et al., 1990), and GM-CSF (Gearing et al, 1989) 
are also members of this receptor family. The consensus 
amino acids in the family are indicated in Figure 7A. In the 
G-CSF receptor, the consensus cysteine and tryptophan 
residues are conserved, and the "WSXWS" motif (Gearing 
et al., 1989; Itoh et al., 1990) is also found at amino acid 
residues 294-298; this suggests that the G-CSF receptor 
belongs to the family. In this comparison of the G-CSF 
receptor with other hemopoietic growth factor receptors, 
it may be noteworthy that the similarity of the G-CSF and 
IL-6 receptors is less pronounced than that of the G-CSF 
and prolactin receptors, although G-CSF and IL-6 have a 
similarity of 44.6% (Nagata, 1990). 

As shown in Figure 7B, the amino acid sequence from 
376 to 601 in the extracellular domain of the G-CSF recep- 
tor has a significant similarity (42.9%) with a part of the 
extracellular domain of chicken contactin (Ranscht, 1988). 
Contactin is a neuronal ceil surface glycoprotein of 130 kd 
and seems to be involved in cellular communication in the 
nervous system. Because the region from amino acid 



(C) Alignment of the G-CSF receptor with the IL-4 receptor. The amino add sequence from 602 to 808 of the mouse G-CSF receptor ts aligned with 
two corresponding regions of mouse IL-4 receptor as above. 

(D) Schematic representation of the mouse G-CSF receptor. The box indicates the mature G-CSF receptor. TM* represents the transmembrane 
domain. Region "A" indicates a domain (222 amino acids) with similarity to other growth (actor receptors, including prolactin and growth hormone 
receptors, and contains the "WSXWS" motif. Region "B" (226 amino acids) of the mouse G-CSF receptor shows similarity to chicken contactin. Region 
-C" (211 amino acids) includes the transmembrane domain (underlined) and the cytoplasmic domain of the G-CSF receptor and is similar to two 
regions of the mouse IL-4 receptor. 
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residues 737-818 of conlactih can be aligned with the 
fibronectin type III segment involving binding to cells, 
heparin, and DNA, it is possible that this region plays an 
important role in cell adhesion (Ranscht, 1988). Granulo- 
poiesis occurs daily in bone marrow, and the direct inter- 
action of the neutrophilic progenitor cells with the bone 
marrow stroma cells has been proposed (Roberts et al., 
1988). The similarity of part of the extracellular domain of 
the G-CSF receptor with contactin may suggest that this 
region is involved in the communication of neutrophilic 
progenitor cells and stroma cells. 

The cytoplasmic domain consists of 187 amino acids 
and does not show any homology with the catalytic do- 
main of the protein kinase family (Hanks et al., 1988}. As 
observed in other growth factor receptors (Hatakeyama et 
al., 1989; Mosley et al., 1989), this region is rich in serine 
(12,8%) and proline (123%). When the transmembrane 
and cytoplasmic domains of the G-CSF receptor were 
aligned with the amino acid sequences of other growth 
factor receptors, a significant similarity with the IL-4 recep- 
tor was found. As shown in Figure 7C, the transmembrane 
domain and the first 46 amino acids of the cytoplasmic do- 
main of the G-CSF receptor are homologous (50.0%) to 
the corresponding regions of the murine IL-4 receptor. 
Furthermore, amino acid residues 672-808 of the G-CSF 
receptor show significant similarity (45.4%) with amino 
acid residues 557-694 of the IL-4 receptor. These results 
suggest that signal transduction by G-CSF and IL-4 may 
be mediated by a similar mechanism. . 

The &7 kb mRNA for the G-CSF receptor was detected 
not only in NFS-60 cells but also in WEHI-3B D + cells 
(Figure 6), suggesting that the same G-CSF receptor is in- 
volved in G-CSF-induced proliferation of NFS-60 cells and 
differentiation of WEH1-3B D + cells. The different effects 
of G-CSF on NFS-60 and WEHI-3B 0 + cells may there- 
fore be mediated by different signal transduction mecha- 
nisms downstream of the receptor. In this regard, it is in- 
teresting that the c-myb and evA1 loci, which appear to be 
involved in differentiation of myeloid cells, are rearranged 
in NFS-60 cells but not in WEHI-3B D + cells (Morishita et 
al., 1988). When RNAs from several mouse tissues were 
examined, the transcript for the G-CSF receptor was de- 
tected onfy in bone marrow cells that contain the progeni- 
tor for neutrophilic granulocytes. However, since G-CSF 
has some effect on bone remodeling (M. Y. Lee, R. F., 
T. J. Lee, J, L. Lottsfeldt, and S. N., submitted) and growth 
of endothelial cells (Bussolino et al., 1989), a low-level ex- 
pression of the G-CSF receptor in other tissues cannot be 
ruled out. Under low-stringency hybridization, rnRNA for 
the human G-CSF receptor could be detected in some hu- 
man myeloid leukemia cells (R. F„ Y. S., and S. N., unpub- 
lished data) using mouse G-CSF receptor cDNA as a 
probe. Availability of cDNA for the human G-CSF receptor 
would be valuable in the screening of various leukemia 
cells from human patients for the expression of the G-CSF 
receptor before treatment of the patients'with G-CSF (Mor- 
styn et al., 1989). Furthermore, the soluble form of the 
G-CSF receptor may be useful clinically to inhibit the 
proliferation of some human myeloid leukemia cells that 
are dependent upon G-CSF (Santoli et al, 19S7). 



Experimental Procedures 
Cells 

Mouse myeloid leukemia NFS-60 cells (Weinstetn et al., 1986; kindly 
provided by J. (hie, St. Jude Children's Research Hospital) were grown 
in RPM1 1640 medium supplemented with 10% fetal calf serum (FCS) 
and 10-20 U/rnl of recombinant mouse 1L-3. COS -7 cells were routinely 
maintained in a Dulbeccos modified Eagle's medium {DM EM) contain- 
ing 104* FCS, 

Recombinant Colony-Stimulating Factors 
Human recombinant G-CSF was purified from medium conditioned 
with mouse C1271 cells, which were transformed with the bovine papil- 
lomavirus expression vector (Fukunaga et al., 1984) carrying human 
G-CSF cONA (Tsuchiya et al.. 1987). Mouse G-CSF was produced by 
using a similar expression system and purified to homogeneity (R, F., 
E. 1., and S. N,. unpublished data). Human recombinant G-CSF and 
M-CSF produced by Chinese hamster ovary cells were provided by 
Chugai Pharmaceutical Co. Human recombinant G-CSF produced by 
E. coli was purchased from Amersham. Mouse recombinant IL-3 and 
GM-CSF were generous gifts from Dr. A, Mlyajima and K. Aral (DNAX 
Institute). Mouse recombinant IL-6 and mouse recombinant LIF were 
generously provided by Dr. T. Hlrano (Osaka University) and N. Nicola 
(Walter Eliza Hall Institute), respectively. Rat prolactin was purchased 
from Chemicon international, Inc. 

Mouse recombinant G-CSF was radioiodinated by the IODO-GEN 
method (Fraker and Speck, 1978) with a slight modification (R. F, E. I., 
and S. N., unpublished data). Specific radioactivities ranged from 6-6 
x 10* cpm/ng protein (1200-1600 cpm/fmol). 

Construction of the COM8 cDNA Library 
Total RNA was prepared from exponentially growing NF&60 cells by 
the guanidina isothiocyanata/CsCl method (Ch'trgwin et a)., 1979), and 
poly(A) RNA was selected by oligo(d7yce(lulose column chromatogra- 
phy. Double-stranded cDNA was synthesized as described (Nagataet 
al., 1986a) using a kit from Amersham, except for'the reverse transcrip- 
tase, which was purchased from Seikagaku Kogyo Co. Addition of 
BsOG nonpalindromic tinkers to the blunt-end cDNA and size fraction- 
ation of cDNA on a 1% agarose gel were performed using a kit from 
Invitrogen. cDNA larger than 1.8 kb was recovered from the get and 
llgatedto BstXI-digested CDM8 vector (Seed. 1987). E. coli MCl061/p3 
celts were transformed with the tigated DNA by the etectroporation 
method as described power et a I., 1958). 

DNA Preparation 

A total of 6 x 10 4 bacterial colonies were plated on agar at a density 
of 60-80 colonies per welt using 24-well microliter plates, and glycerol 
cultures for each pool of colonies were prepared. LB broth was inocu- 
lated with aJiquols from each glycerol culture, and piasmid DNAs were 
prepared by the boiling method (Maniatis et at, 1982) followed by phe- 
nol extraction and ethanol precipitation. 

Transfectlon of COS-7 Cells 

Monolayers of COS-7 cells were grown In 6-well microliter plates, and 
transaction of plasmld DNA into COS-7 cells was carried out by a mod- . 
ification of the DEAE-dextran method (Sompayrac and Danna, 1981). 
In brief, about 50% confluent cells were washed three times with serum- 
free DMEM and incubated for 8 hr at 37°C with 0.6 ml of DMEM contain- 
ing 50 mM Tris-HCI (pH 73), 05 mg/ml DEAE-dextran , and 1 ug of plas- 
mld DNA. After glycerol shock with Tiis-HCkbuffered saline containing 
20% glycerol for 2 mtn at room temperature, celts were washed twice 
with DMEM and Incubated in DMEM containing 10% FCS. 

Screening of Transfectants of COS-7 Cells 
At 72 hr after transfectton, COS-7 cells were washed with DMEM con- 
taining 10% FCS and 20 mM HEPES (pH 7.3) (binding medium) and 
incubated at 37*C for 2 hr with 1.7 x 10 s cpm (200 pM) of ^\-G-CSf 
in 0.6 ml of the binding medium. Unbound radioiodinated G-CSF was 
removed, and cells were successively washed three times with phos- 
phate-buffered saline (PBS) supplemented with 0.7 mM CaCfe and 05 
mM MgCI 2 and once with PBS. Cells were then recovered by trypsini- 
zation, and the radioactivity associated with celts was counted using 
an AUTO-GAMMA 5O00 MINAX1 -/-counter (Packard). Background 
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binding of 12S -I-G-CSF to COS-7 ceils transfected with the CDMB vec- 
tor was 308 ± 38 (SD) cpm. Two positive pools were identified that 
showed significant binding of radio i o din ate d G-CSF (500 and 912 cpm) 
to the transfected COS-7 cells. Independent cfones (144) from each 
positive poo) were grown in six 24 -well microliter plates and subjected 
to sib selection (Maniatis et al., 1982) using a matrix of 12 x 12 clones. 
After a final round of minipreparation of plasmids and transfection into 
COS-7 cells, a single clone was identified from each positive pool. 

Binding of ,25 I-G-CSF to COS Cells and NFS -60 Cells 
COS cells grown on 15 cm plates were transfected with 20 \ig of the 
pi 62 or pJT7 plasmfd as described above except that cells were treated 
for 3 hr with a DEAE-dextran solution containing DNA. Cells were split 
into 6-well microliter plates 12 hr after the glycerol shock and grown 
for 60 hr In DMEM containing 10% FCS. Cells were washed with bind- 
ing medium and incubated at 4*C for 4 hr with 125 I-G-CSF (10 pM to 
1.2 nM range) in 1.0 ml of the binding medium. To determine the non- 
specific binding of 1z5 (-G-CSF to cells, a large excess of unlabeled 
G-CSF (600 nM) was included in the assay mixture, and the radioactiv- 
ity bound to the cells was subtracted from the total binding to yield the 
specific binding. For binding of G-CSF to NFS-60 cells, 5,2 x 10 6 
cells were incubated at 4°C for 4 hr with various concentrations of 
1ZS I-G-CSF in 03 ml of RPMI-1640 medium containing 10% FCS and 
20 mM HEPES (pH 7.3). 

Chemical Cross-Linking 

The chemical cross-linking of 12S 1-G-CSF lo the receptor expressed in 
COS cells was performed according to the procedure described for 
NFS-60 cells (R. F., E. I., and S. N., unpublished data). In brief, 8 x 
10 s of COS cells {on 35 cm plate) transfected with the plasmkJ p!62 
were incubated at 4°C for 25 hr with 1.2 nM of the radiorodinated 
G-CSF in Ihe presence or absence of 15 u,M unlabeled G-CSF in 0.6 
ml of the binding medium. The ceils were scraped from the plate using 
ace)} lifter and washed with 1 ml of PBS three times. Cross-finking was 
carried out on ice for 20 min in 1 ml of PBS containing 150 u M disuc* 
cinimidyl suberate (OSS) and 150 *iM disuccinimidyl tartarate (DST). 
The reaction was stopped by the addition of 50 til of 1 M Tris-HCi (pH 
7.4), and cells were collected by centrif ligation and lysed with 15 id of 
Wo Triton X-100 containing a mixture of protease inhibitors (2 mM 
EDTA, 2 mM (p-am'mophenyl)methanesulfonyl fluoride hydrochloride, 
2 mM O-phenanthroIine, 0.1 mM leupeptin. 1 pg/ml pepstatin A, and 
100 Uftnl aprolinin). After centrifugation, the clear lysate (10 ul) was 
analyzed by electrophoresis on a 4%-20% gradient pel yacry [amide 
gel in the presence of SDS (Laemmli, 1970). ' 

Hybridization and Nucleotide Sequence Analysis 
Co tony hybridization and Northern hybridization were carried out as 
described (Maniatis et aL, 1982). As a probe, the 25 kb Hindlll-Xbal 
fragment of clone pJ17 was labeled with K P by the random primer 
labeling method (Feinberg and Vogelstein, 1983). 

DNA sequencing was performed by the dideoxynucleotide chain 
termination method using T7-DNA polymerase (Pharmacia) and fc^S}- 
dATPaS (Amersham). 
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